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Abstract
The MICROMEGAS (MICRO-MEsh GAseous Structure) charge amplification structure has found wide use in
many detection applications, especially as a gain stage for the charge readout of Time Projection Chambers (TPCs).
Here we report on the behavior of a MICROMEGAS TPC when operated in a high-energy (up to 800 MeV) neutron
beam. It is found that neutron-induced reactions can cause discharges in some drift gas mixtures that are stable in
the absence of the neutron beam. The discharges result from recoil ions close to the MICROMEGAS that deposit
high specific ionization density and have a limited diffusion time. For a binary drift gas, increasing the percentage
of the molecular component (quench gas) relative to the noble component and operating at lower pressures generally
improves stability.
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1. Introduction
A MICROMEGAS (MICRO-MEsh Gaseous Struc-
ture) provides high-gain, high-speed signals with good
spatial resolution from a structure with low areal den-
sity [1]. The MICROMEGAS has therefore been widely
used in gaseous detectors, especially Time Projection
Chambers (TPCs) [2]. In this latter case, the drift gas
must be suitable for both the amplification stage and the
TPC tracking application, i.e. provide sufficient stop-
ping power, low diffusion and low recombination.
The NIFFTE (Neutron-Induced Fission Fragment
Tracking Experiment) collaboration has constructed the
fissionTPC, a compact dual volume MICROMEGAS
TPC, to perform precision neutron-induced fission
cross section measurements [3]. Unusually, the fis-
sionTPC will be operated in a high-energy neutron
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beam. While non-tracking MICROMEGAS-based de-
tectors have been previously developed as neutron de-
tectors and to make beam profile measurements [4, 5,
6], there are no dedicated studies of discharging in
MICROMEGAS-based TPCs that are operated directly
in a high-energy neutron beam. The MICROMEGAS
based µTPC [7] was operated at energies below 1 MeV,
almost 3 orders of magnitude lower energy than the
maximum energy generated by the LANSCE (Los
Alamos Neutron Science CEnter) facility at which the
fissionTPC is operated.
Having a neutron beam passing directly through the
MICROMEGAS is a cause for concern, since charged
particle tracks resulting from interactions such as (n,n′)
and (n,p) can originate in or very near the gain stage.
The close proximity of the track to the MICROMEGAS
limits the diffusion time and can result in high density
electron clouds that cause breakdown via the mecha-
nism described by Raether [8]. Therefore, we have
performed a stability study of the fissionTPC MI-
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CROMEGAS with several common drift gases oper-
ated at gains and pressures relevant to the detection of
charged particles resulting from neutron-induced reac-
tions. The gas mixtures used were Ar based with C4H10,
CH4, CF4, and CO2 as quench gases.
In Section 2 we describe the experimental conditions,
including the LANSCE neutron beam facility, the fis-
sionTPC MICROMEGAS, the gas handling system of
the fissionTPC, and the experimental procedures used.
Results from the gases used are reported in Section 3.
Finally, in Section 4 we provide discussion and interpre-
tation of the results, describing a possible mechanism
for gain instability and identifying characteristics of gas
mixtures that are suitable for use in high-energy neutron
beam experiments.
2. Experimental Setup
2.1. Neutron Beam
The Weapons Neutron Research Facility (WNR) at
LANSCE was used for these measurements [9]. Spalla-
tion neutrons are produced by impinging a ∼5 µA beam
of 800 MeV protons onto a cylindrical tungsten target
(7 cm long with a 3 cm radius). The neutrons are only
moderated by a thin water jacket surrounding the tung-
sten target. The proton beam at WNR is pulsed, re-
sulting in neutron macropulses 625 µs long delivered at
100 Hz. Within each macropulse, there are micropulses
seperated by 1.8 µs. The 90L flight path at WNR was
used, a plot of the neutron flux is shown in Fig. 2 of
Ref. [10].
2.2. MICROMEGAS Design
The fissionTPC has two volumes separated by a cen-
tral cathode [3]. The total gas volume is ∼ 2 liters with
a 5.4 cm drift distance between each pad plane and the
central cathode. The pad planes are 16-layer printed cir-
cuit boards with a total of 5952 hexagonal pads, each
2 mm in pitch. The MICROMEGAS consists of an
electroformed nickel mesh, 3 µm thick with 1000 lines
per inch and a diameter of 140 mm. The mesh is held
above a pad plane surface by dry film solder mask pil-
lars 75 µm tall and 500 µm in diameter, and is secured to
the perimeter with a conductive epoxy. The electric field
in the drift and gain regions can be controlled indepen-
dently. A cutaway of the fissionTPC is shown in Fig. 1
and a picture of the pad plane with a mesh attached can
be seen in Fig. 2
At the typical operating pressures of the fissionTPC
(500–900 Torr), fission fragments will be stopped
within several centimeters while depositing their full
Figure 1: A cutaway image of the fissionTPC. The neutron beam
passes through the thinned sections of the vessel and pad plane. The
actinide target is mounted in the center of the cathode. This figure was
taken from Fig. 2 of Ref [3].
energy into the gas. The total kinetic energy released
in neutron-induced fission is ∼ 170 MeV [11, 12],
with that energy being shared between two fragments.
The short track lengths and high kinetic energies of fis-
sion fragments results in high-density primary electron
clouds (about 106 electron–ion pairs) which allows the
fissionTPC MICROMEGAS to operate at relatively low
gains, ranging from 10–50. Fig. 3 shows a gain curve
for two typical operating gases as a function of ratio of
the applied electric field, E, to the gas pressure, p (the
reduced electric field).
2.3. Gas System
The fissionTPC has a once-through gas system.
The gas flow rates and pressure are maintained by
an MKS 647C controller with an internal PID con-
troller [13]. The 647C adjusts the flow rates based on
a user-defined pressure setpoint, while the mixture is
maintained by a flow ratio set by two inlet Mass Flow
Controllers (MFC), one for Ar and one for the quench
gas. The exchange rate is set by an independently con-
trolled MFC on the exhaust side. The MFCs were
MKS 1479A, and the pressure transducer used for the
PID feedback signal was an MKS 627B. The Ar and
quench gas inlet MFCs have a full scale of 1000 SCCM
and 200 SCCM respectively, with an accuracy of 1% of
full scale.
A calculation of the mixing rate shows that for an
exchange rate of 300 SCCM the 2 L gas volume will
achieve 99.99% of the desired composition in approxi-
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Figure 2: The fissionTPC pad plane. The MICROMEGAS mesh
covers the pads at the center. This figure was taken from Fig. 5 of
Ref [3].
mately 60 minutes. For each gas mixture in the exper-
iment, the gas was exchanged for at least 1 hour at a
rate of 300 SCCM before testing commenced. The pu-
rity of the Ar and CF4 gas was 99.999%, the CO2 was
99.99%, and the C4H10 was 99% with < 5 ppm of water
and the remaining contaminants consisted primarily of
other alkanes.
2.4. Experimental Procedures
At the time of this experiment the fissionTPC was
configured to measure neutron-induced fission cross
sections and contained a target with deposits of 239Pu
and 235U on the cathode. The α activity of the 239Pu
was approximately 0.425 MBq, with a comparatively
negligible activity from the 235U of 10 Bq. The mea-
surements, unless otherwise noted, took place at a pres-
sure of 760 Torr. This pressure was chosen such that for
any gas, ranging from pure Ar to pure quench gas, the
239Pu α-particle tracks would be fully contained within
the active area of the detector. The signal size of the
peak corresponding to full energy deposition of 239Pu
α-particles was then used to determine the gain of the
MICROMEGAS. The gain was adjusted to be the same
for each gas mixture within 20% and was set near typ-
ical operating conditions for the fissionTPC for fission
cross-section measurements. Additional data were col-
lected at different pressures and higher gains to investi-
gate the limits of MICROMEGAS stability.
Once the gain was set, the neutron beam shutter
was opened and the MICROMEGAS was monitored for
sparking, which is observed by a current trip of the high
Figure 3: The MICROMEGAS gain as a function of the reduced
electric field in the fissionTPC for Ar with 5% C4H10 (circles) and
10% CH4 (squares). A example fit of the α peak of a 252Cf source is
shown in the inset. The fit was used to determine the gain and energy
resolution. This figure was taken from Fig. 9 of Ref. [3].
voltage system. The trip limit was set to 500 nA. The
system was considered stable if no trips were observed
after 60 minutes of exposure to the neutron beam. If a
trip was observed in less than 60 minutes, the test was
repeated for confirmation and a shutter-closed test of 60
minutes was conducted to confirm the instability was
beam induced. The experiment is thus a measure of a
the threshold above which sparking will begin to occur
rather than a measure of a sparking rate or probability.
3. Results
The primary measurements for comparison between
different gas types were taken at p = 760 Torr, with
the gain for each gas mixture adjusted to be similar (Ta-
ble 1). Stability against sparking in the beam is primar-
ily a function of the quantity of quench gas in the mix-
ture. C4H10 and CO2 were stable with concentrations at
or above 1%, CF4 required a concentration of 25% or
greater, and CH4 was only tested at a concentration of
10% and found to be unstable. The following sections
further describe the data collected at various gains and
pressures.
3.1. CH4
The initial gas explored for use in the fissionTPC was
P10, a mixture of 90% Ar and 10% CH4. P10 is rel-
atively cheap, provides fast drift speeds, and is com-
monly used in ionization chambers. When operating
with P10 out of beam, the fissionTPC was found to be
highly stable, running for hundreds of hours over a wide
range of gains and pressures. P10 was found to be un-
stable to sparking in beam at p = 760 Torr with a gain
3
Quench Gas Stability Conc. E/p (V/cm/Torr) Gain
C4H10 1% 33.3 21.8
CO2 1% 49.7 17.1
CF4 25% 61.2 18.8
CH4 (P10) – 50.7 21.2
Table 1: Stability limits for mixtures of Ar with C4H10, CO2, CF4,
CH4. The stability concentration is the percent of quench gas at
or above which the MICROMEGAS was stable against sparking in
beam. These data were collected at p = 760 Torr and the given re-
duced electric field and corresponding gain values.
of ∼20. A stable point was found when operating at a
lower pressure of 530 Torr. Table 2 shows the results
of two tests at p = 530 Torr, where the reduced elec-
tric field was varied to identify the transition to instabil-
ity. At this lower pressure the gain could not be directly
measured because the α-particle tracks extended beyond
the active area of the detector.
A Magboltz simulation [14] was completed to esti-
mate the dependence of α, the first Townsend coeffi-
cient, on the reduced electric field. This is shown for the
two gas pressures tested in Fig. 4. Note that α/p scales
with E/p [15, 16] and gain scales exponentially with α.
One can see that for p = 530 Torr the stability point,
E/p = 65.4, is at a higher α value (and therefore gain)
than the point at p = 760 Torr and E/p = 50.7 that was
found to be unstable. This indicates that sparking is not
only a function of gain but also ionization density. At
lower pressures the stopping power is decreased, result-
ing in longer particle track lengths and a reduced pri-
mary ionization density. Therefore higher gain can be
applied before the Raether limit is reached.
In addition to being stable out of beam, the system
was stable in beam, with the drift field set to 0 V/cm
and a nominal field in the gain stage. The interpretation
of this result will be discussed further in Section 4.
p (Torr) Conc. E/p (V/cm/Torr) Stable
530 10% 65.4 Yes
530 10% 67.9 No
760 10% 50.7 No
Table 2: Configurations and results for stability against sparking for
an Ar–CH4 mixture.
Figure 4: A Magboltz simulation of the first Townsend coefficient,
α, as a function of the reduced field, E/p, for two pressures of an
Ar–10% CH4 gas mixture. The stable configuration of p = 530 Torr
and E/p = 65.4 is at a higher α (and therefore gain) than the unstable
configuration of p = 760 Torr and E/p = 50.7 (dashed lines).
3.2. C4H10
A total of 6 configurations of C4H10/Ar gas mix-
tures were studied with different pressures, concentra-
tions and gain (Table 3). The standard operating con-
figuration for the fissionTPC when making cross sec-
tion measurements is a mixture of 95% Ar and 5%
C4H10 at p = 550 Torr. This mixture and pressure
are stable in beam, optimally utilize the detector ac-
tive area for fission fragment and α-particle tracks, and
provide high gain at a relatively low MICROMEGAS
bias voltage. A 5% C4H10 mixture was also tested at
p = 800 Torr, and the MICROMEGAS was found to be
unstable for E/p > 39.8. A Magboltz simulation indi-
cates that this onset of instability at p = 800 Torr is at a
lower gain than the configurations found to be stable at
p = 550 Torr (Fig. 5).
Additionally, a 1% C4H10 mixture was tested at p =
600 Torr for comparison with the data point reported in
Table 1. The decreasing pressure was again found to
allow for a higher gain (Fig. 5). These finding gener-
ally agree with the CH4 results. Decreasing the charge
density allows for a higher gain to be achieved before
reaching the Raether limit. It should be noted that
Ar/C4H10 is a Penning mixture and its gain will be sub-
stantially higher than what is calculated directly using
the α value [17] from the Magboltz simulation.
Stability against sparking was achieved with lower
concentrations of C4H10 compared to CH4, indicating
that photon quenching plays a role since C4H10 has a
higher photoabsorption cross section [18].
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Figure 5: A Magboltz simulation of the first Townsend coefficient,
α, as a function of the reduced field, E/p, for several Ar–C4H10 mix-
tures. Higher gains can be achieved before sparking occurs in both
1% and 5% C4H10 mixtures. (dashed lines).
p (Torr) Conc. E/p (V/cm/Torr) Stable
600 1% 43.8 Yes
760 1% 33.3 Yes
550 5% 48.5 Yes
550 5% 54.5 Yes
800 5% 39.8 Yes
800 5% 40.6 No
Table 3: Ar–C4H10 mixtures and conditions tested for stability against
sparking.
3.3. CO2
CO2 is often used for its low diffusion and in systems
requiring a non-flammable gas. The Ar–CO2 mixture
was stable against sparking with lower concentrations
and higher gain compared to the Ar–CH4 mixture (Table
4). CO2 has lower diffusion coefficients compared to
CH4, and is effective at cooling electrons [19] which
results in higher density charge clouds. It also has a
higher photoabsorption cross section [18, 20] compared
to CH4. In particular, its photoabsorption cross section
is well matched to emission lines from excited states of
Ar [21]. The stability of the Ar-CO2 mixture against
sparking further indicates that the quenching of photons
plays an important role in allowing in-beam operation.
3.4. CF4
CF4 is useful as a drift gas in TPCs and wire cham-
bers because of its fast electron drift speed, which im-
proves performance for high rate applications. CF4 was
p (Torr) Conc. E/p (V/cm/Torr) Stable
600 1% 62.0 Yes
600 1% 71.8 Yes
760 1% 49.7 Yes
760 1% 50.6 Yes
900 1% 45.6 Yes
Table 4: Configurations and results for stability against sparking for
an Ar–CO2 mixture.
found to be a much less effective quench gas when com-
pared to CO2 and C4H10. The 25% CF4 mixture was on
the edge of stability in the these tests. A slight increase
in gain from the stable configuration at p = 760 Torr
shown in Table 1 resulted in sparking (Table 5), which
continued for a 30% mixture at similar gain. A decrease
in pressure to p = 600 Torr allows for a higher gain to
be achieved, as was seen for CH4 and C4H10.
In electron avalanches, CF4 produces a large number
of photons [22], but it also has a low photoabsorption
cross section to those photons [23]. While this is use-
ful for scintillation, it limits the effectiveness of CF4
as a quench gas. The relative instability of the CF4
gas mixtures when compared to C4H10 and CO2 fur-
ther supports the conclusion that photon quenching is
an important factor in preventing sparking of the MI-
CROMEGAS when in beam.
p (Torr) Conc. E/p (V/cm/Torr) Stable
600 30% 75.2 Yes
760 25% 61.2 Yes
760 25% 62.6 No
760 30% 66.2 No
Table 5: Configurations and results for stability against sparking for
an Ar–CF4 mixture.
4. Discussion
Sparking in a MICROMEGAS can result from spon-
taneous breakdown due to mesh defects, rate-induced
effects, and highly ionizing particles [24]. Defects
that cause spontaneous breakdowns essentially limit the
maximum voltage any particular MICROMEGAS can
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sustain. In this study, each of the MICROMEGAS oper-
ating configurations was tested both in and out of beam
to identify the cause of sparking. Rate-induced sparking
is unlikely to be the cause since the beam-induced rate
accounts for less than 2% of the total charge generated
in the gain stage. This was measured via the current on
the mesh, which primarily results from the spontaneous
α-decay of the 239Pu source. Fission fragments are the
highest energy events observed in the fissionTPC and
produce an exceptionally large amount of total ioniza-
tion. They were eliminated as a cause by testing each
of the gases (excepting CF4) with a 252Cf spontaneous
fission source in the fissionTPC. It was observed that
gases with good photon-quenching characteristics only
required concentrations as low as 1% to be stable in
beam. Overall, reducing gas pressure also allowed the
MICROMEGAS to achieve higher gains while main-
taining stability.
We conclude that the limiting factor for sparking in
the MICROMEGAS is the density of the primary ion-
ization clouds resulting from Ar recoils near the surface
of the gain stage. A schematic representation of the fis-
sionTPC and beam-induced events can be seen in Fig. 6.
While recoils deposit a small amount of total ionization
as compared to fission fragments, the ionization is de-
posited in a small volume of gas. Figure 7 shows a
plot of track length versus energy for fissionTPC data
collected with a mixture of 95% Ar and 5% C4H10.
Between the fragment and α-particle bands are several
bands due to recoils of other nuclei present in the fis-
stionTPC gas and detector material. Between energies
of 2–3 MeV, the bands become indistinguishable and
drop below minimum track length resolution of the the
fissionTPC which is limited by the 2 mm pixel size.
These recoil events can produce as many primary elec-
trons as an α or proton track in a fraction of the length.
If the diffusion time is limited, a relatively low-energy
gas recoil can have a greater charge density than a fis-
sion fragment of much higher energy. With a high
enough space-charge density, a local electric field gradi-
ent can be produced in the gain stage that is sufficiently
large to induce a discharge. This is the same effect that
is referred to as exceeding the Raether limit. While the
limit is commonly described in terms of a number of
electrons, that is in reference to the gain when start-
ing with only one electron. The actual mechanism de-
scribed by Raether [8] corresponds to the space-charge
of an avalanche being sufficient to develop a highly con-
ductive plasma streamer directed at the anode. This is
usually referred to as the rapid or streamer mechanism.
Gas ionizing photons produced in the avalanche con-
tribute to the portion of the streamer directed towards
Figure 6: A schematic representation of the fissionTPC drift field
and gain stage. The neutron beam passes directly through the TPC
along the drift direction. Fission fragments are only produced at the
cathode and the resulting ionization drifts the full length, undergoing
significant diffusion which reduces the ionization density entering the
MICROMEGAS. Conversely, nuclear recoils from neutron scattering
can occur throughout the volume. When one of these interactions
occurs near the mesh, the high-density ionization cloud enters the MI-
CROMEGAS largely unaffected by diffusion.
the cathode. This picture agrees with the observed im-
provements in stability when operating with the more
effective photon-quenching gases C4H10 and CO2.
The effect of diffusion on charge density was calcu-
lated using SRIM and Magboltz [14, 25] for various en-
ergies and drift distances of two relevant cases: a typical
fission fragment and Ar ions. A 100 MeV 99Mo fission
fragment in 1 atm of argon gas has an ionization den-
sity at the start of the track (where ionization is highest
for fission fragments and low energy heavy ions) more
than 10 times that of a 1 MeV Ar ion in the same gas.
The fission fragments in the fissionTPC originate only
from the central cathode and have a drift distance of 5.4
cm for charge deposited at the start of the track, while
Ar recoils can occur at any point along the drift axis.
Comparing the charge density within 1σ of the trans-
verse diffusion radius, assuming a uniform distribution,
one finds that the charge produced by a 1 MeV Ar ion
drifting 1 mm has an ionization density at the begin-
ning of the track approximately 5 times that of a fission
fragment that has drifted 5.4 cm. Increasing the Ar ion
energy to 10 MeV increases the ionization density by a
factor 20. This is supported by the observed improve-
ment in stability when operating at reduced pressures,
which generally decreases the ionization density by ex-
tending the track length.
In Section 3.1 it was reported that no discharges were
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Figure 7: Track length versus track energy measured by the fis-
sionTPC in-beam at LANSCE with an actinide source. The gas was a
mixture of 95% Ar and 5% C4H10 at 550 torr. The proton, α-particle,
recoil and fission fragment bands are visible. Events between the α
and p bands are the result of missing channels and/or track recon-
struction errors. Events at energies lower than the proton band are due
to partial reconstruction of proton tracks leaving the active area of the
detector.
observed when setting the drift field to 0 V/cm while
maintaining an applied field across the gain stage. If
discharges are a result of Ar recoils, sparking should in
principle still occur in this configuration. The stability
criteria was defined for this experiment as 60 minutes of
no observed discharges (see Section 2.4). The 0 V/cm
drift field data point meet this criteria. For all the dis-
charges that were recorded in this experiment the aver-
age time between being exposed to beam and observing
a spark was 10 minutes, with no discharge taking more
that 20 minutes to occur. While the full observation pe-
riod is 6 times longer that the average discharge rate, the
75um gain stage only represents 0.14% of the total vol-
ume and correspondingly of the Ar recoil events. It is
therefore plausible that no 0 V/cm discharges occurred
during the observation period.
Furthermore when the drift field is absent, only the
fraction of charge deposited directly in the gap con-
tributes to the avalanche, since all charge outside the
gap would not drift. For example a 1 MeV Ar recoil
has a particle range of over 2.5mm in 760 torr of Ar-
gon gas, and deposits less than 10% of its total charge
in the first 100 um of track length. While our argument
is that charge density is the leading factor in inducing a
spark, it is likely that discharges are not only a function
of charge density but also of total charge in the event.
This experiment was a measure of a threshold effect
whereby the MICROMEGAS either discharged or was
stable for an extended time, as was described in sec-
tion 2.4. The discharging rate varies strongly and non-
linearly with gain. Without a much more detailed simu-
lation of the discharge process or dedicated data obser-
vations it is unclear which specific recoil energies over
which drift distances lead to discharges for a given gas
mixture and gain. We did however run a simulation to
provide a semi-quantitative check on whether Ar recoils
were a plausible cause for discharging at the rates ob-
served. Figure 8 shows the expected rate and energy
of Ar recoils in one volume of the fissionTPC with a
gas mixture of 95% Ar and 5% C4H10 at a pressure of
550 torr. The results are from an MCNP simulation of
the fissionTPC in the 90L beam line at WNR-LANSCE.
The total rate of Ar recoils over all energies is approxi-
mately 14000 per second. As a specific example previ-
ously in this section it was discussed that a 1 MeV Ar
recoil drifting 1 mm results in an ionization density 5
times that of a fission fragment. The rate of Ar recoils
in the energy range of 0.75–1.25 MeV within 1 mm
of the surface of the MICROMEGAS is approximately
4 per second. The simulation shows that there are a suf-
ficient number of high-energy Ar recoils expected in the
fissionTPC to produce the observed discharges.
Figure 8: The expected rate of Ar recoils vs the recoil energy in the
fissionTPC. The figure was generated using a detailed MCNP simula-
tion of the fissionTPC in the 90L beam line of WNR-LANSCE. The
simulated gas was the standard mixture for the fissionTPC of 95% Ar
and 5% C4H10 at 550 torr.
If Ar recoils are the primary cause of sparking, gas
mixtures made of lighter noble gases such as helium or
neon should prove to be more stable. An initial obser-
vation indicates that the fissionTPC is able to achieve
gains approximately twice as high in a Ne–C4H10 mix-
ture, however a systematic study has not been conducted
at this time. While a similar conclusion was reached in
Ref. [26], a direct comparison with these measurements
is difficult since the beam, target, pressures and gains
used were in a considerably different regime than the
fissionTPC operating conditions.
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5. Conclusions
We have studied the stability of a MICROMEGAS
against sparking when operated in a high-energy high-
flux neutron beam. Several Ar-based gas mixtures rel-
evant to TPC design were investigated. Nuclear re-
coils from neutron scattering near the mesh, which re-
sult in high-density ionization tracks, were identified as
the cause of sparking instability. When the recoil in-
teractions occurs near the mesh, the diffusion distance
is reduced and consequently the charge density of the
ion cloud is high, leading to the Raether limit being
exceeded. Quench gases C4H10 and CO2 with high
photoabsorption cross sections required lower concen-
trations to achieve stability against breakdown as com-
pared to CH4 and CF4. Overall, reducing the pres-
sure of the operating gas allowed for higher operating
gains. Use of gas mixtures based on nuclides lighter
than Ar should also provide stability at high gains for
MICROMEGAS in neutron beams.
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